The power of high-resolution laser spectroscopy has recently been extended into the fascinating domain of individual impurity molecules in solids, where the single molecule acts as a probe of the detailed local environment of unprecedented sensitivity (1) (2) (3) (4) (5) . In ongoing experiments at several laboratories around the world, exactly one molecule hidden deep within a solid sample is probed at a time by tunable laser radiation, which represents detection and spectroscopy of 1.66 x 10-24 moles of material, or 1.66 yoctomoles. Single molecule studies completely remove the normal ensemble averaging that occurs when a large number of molecules are probed at the same time. Thus, the usual assumption that all molecules contributing to the ensemble average are identical can now be directly examined, and strong tests of truly microscopic theories can be completed.
Single molecule spectroscopy (SMS) in solids is related to, but distinct from, the well-established field of sepectroscopy of single electrons, atoms, or ions confined in electromagnetic traps or on surfaces (6) (7) (8) .
The vacuum environment and confining fields of an electromagnetic trap are quite different from the environment of a single molecule in a solid where the lattice constrains the molecule, preventing rotation in most cases, and where the molecule is bathed in the phonon vibrations of the solid available at a given temperature. The near-field probing of atoms on surfaces with scanning tunneling microscopy or atomic force microscopy (9) usually requires a strong bond between the molecule of inter-
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Research Center, 650 Harry Road, K13/801, San Jose, CA 95120-6099, USA. 46 est and the underlying surface as well as tolerance of the perturbing forces from the tunneling electrons or the tip. In contrast, SMS usually operates noninvasively in the optical far field with a corresponding loss in spatial resolution but with no loss of spectral resolution. In recent work, single-molecule imaging has been achieved with nearfield optical techniques with 100-nm resolution at room temperature (10, 1 1). However, the spectral resolution that will be available under such conditions is three to four orders of magnitude poorer than the results of high-resolution SMS described here.
This article presents an overview of some of the recent advances produced by the spectroscopy of single impurity centers in solids, with emphasis on individual, isolated molecular impurities. One of several reviews may be consulted for more information (4, 5) . These SMS studies are significant because (i) new physical effects have been observed in the single molecule regime and (ii) it is now possible in a single nanoenvironment to probe directly the connection between specific microscopic theories (12) There is an additional crucial effect important for SMS resulting from the extreme narrowness of zero-phonon transitions: inhomogeneous broadening (15, 16 ) (see Fig.  1, top) . This effect occurs when AvH becomes narrower than the (mostly static) distribution of resonance frequencies in the solid caused by dislocations, point defects, or random internal strain and electric fields and field gradients (inset). Inhomogeneous broadening is a universal feature of highresolution optical spectroscopy of defects in solids (17, 18) , and of other spectroscopies in which zero-phonon lines are probed. ( A dynamic inhomogeneous broadening also occurs for Doppler-broadened lines of gases.) Inhomogeneous broadening facilitates the selection of a single impurity, because the different guest molecules in the probe volume take on slightly different resonance frequencies according to the local fields at the location of the impurity. One then simply uses the tunability of a narrow-band laser to select different single-impurity centers. Naturally, this selection must be done A B in a region of the optical spectrum where the number of molecules per homogeneous width is on the order of or less than one. This may be accomplished by (i) tuning the laser wavelength out into the wings of the inhomogeneous line (Fig. 1, bottom right) , (ii) using a sample with a very low doping level, or (iii) producing a large inhomogeneous linewidth; all three of these methods have been used.
A further requirement on the absorption properties of the probe molecule is the absence of strong bottlenecks in the optical pumping cycle. In organic molecules, intersystem crossing (ISC) from the singlet states into the triplet states represents a bottleneck, because photon emission usually ceases for a relatively long time equal to the triplet lifetime when ISC occurs. This effect results in premature saturation of the emission rate from the molecule and reduction of upk compared to the case with no bottleneck (22) . Thus, molecules with weak ISC yield and short triplet lifetime are preferable, such as rigid, planar aromatic dyes.
A final requirement for SMS is the selection of a guest-host couple that allows for the photostability of the impurity and weak spectral hole-buming. By 1 .a 0 a, C 0.1% require that the quantum efficiency for hole-burning, q, be less than 10 6 to 10-7. This requirement is necessary to provide sufficient time-averaging of the single molecule line shape before it changes appreciably or shifts to another spectral position.
All ofthese concepts may be used to derive specific expressions for the signal-to-noise ratio (SNR) for SMS (4, 24) , and values on the order of 20 can be expected with 1-s integration time and spot diameters of a few micrometers for a system like pentacene impurities in ap-terphenyl crystal. To date, SMS has been achieved in four host-guest combinations with the three impurity molecules shown in Fig. 2 : pentacene in p-terphenyl crystals (1), perylene in poly(ethylene) (25) , terrylene in poly(ethylene) (26) , and quite recently, terrylene in the Shpol'skii matrix hexadecane (27) . The Shpol'skii matrices in particular should provide a large new class of materials that allow SMS.
Examples of Single Molecule Spectra
Fluorescence excitation spectra for a 10-gm-thick sublimed crystal of pentacene in p-terphenyl at 1.5 K are shown in Fig. 3 [for specific details of the experimental apparatus, see (13)1. In this method, the optical absorption is measured by recording the total fluorescence emission shifted to long wavelengths as the laser frequency is scanned over the resonance. The 18-GHz spectrum in Fig. 3A (obtained by the scan- 3 . Fluorescence excitation spectra for pentacene in p-terphenyl at 1.5 (28, 29) which arises directly from statistical variations in the spectral density of resonance frequencies. It is immediately obvious that the inhomogeneous line is far from Gaussian in shape and that there are tails extending out many standard deviations both to the red and to the blue. Figure 3B shows an expanded region in the wing of the line. Each of the narrow peaks is the absorption line of a single molecule. The different molecules have slightly different peak heights because the laser transverse intensity profile is bell-shaped and the molecules are not all located at the center of the focal spot. Although these spectra seem narrow, they are in fact slightly powerbroadened by the probing laser. Upon the close examination of an individual single-molecule peak at lower intensity ( Fig. 3C ), the quantum-limited linewidth of 7.8 ± 0.2 MHz can be observed (30). Here, the quantum limit applies because the optical linewidth has reached the minimum value allowed by the lifetime of the optical excited state. This value is in excellent agreement with previous photon echo measurements of AVH using large ensembles of pentacene molecules (31, 32) . In summary, it is clear that well-isolated single molecule spectra like those in Fig. 3 allow many spectroscopic studies of the local environment to be performed, because such narrow lines are much more sensitive to local perturbations than are broad spectral features.
Historical Background and Summary of Results
The foundations for SMS were laid in 1987 when the SFS signal scaling as the square root of the number of absorbers was first observed (28, 29) for pentacene in p-terphenyl. (24, 25) , and even magnetic resonance of a single molecular spin (37) (38) (39) . The correlation properties of the emitted photons have been used to good advantage to measure the photophysics of single molecules (40), resonance frequency fluctuations due to host degrees of freedom (41), and a quantum-optical effect, photon antibunching (42) . It has also been possible to obtain fairly detailed information about the nanoenvironment of a single molecule by the measurement of the vibrational mode properties in the electronic ground state (43-45).
Imaging Single Molecules in Solids
As a survey of some specific SMS studies, Fig. 4 shows a three-dimensional "image" of single molecules in a solid first obtained for pentacene in p-terphenyl some years ago (13 Fig. 4 are slightly larger than the lifetimelimited width (Fig. 3C) because of the use of higher probing intensity. The oddly shaped peak between the two strong molecules at the center and upper right results from a molecule that is spectrally diffusing because of changes in its local nanoenvironment during the measurement (see the next section).
In recent work at ETH-Znrich, fourdimensional images have been obtained for pentacene in p-terphenyl with two spatial and one frequency dimension as well as the signal dimension (46). This "fluorescence microscopy" experiment used an image intensifier-video camera combination specifically configured as a photon counter in each pixel. Single molecules resemble starlike objects that appear and disappear as the laser frequency is scanned. Future work in this area may increase the spatial resolution by near-field optical techniques (10 
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that affect the frequency of the electronic transition through guest-host coupling. Experimentally, two distinct classes of single pentacene molecules were identified: class I molecules, which have center frequencies that were stable in time like the three large molecules in Fig. 4 , and class II molecules, which showed spontaneous, discontinuous jumps in resonance frequency of 20 to 60 MHz on a 1-to 420-s time scale, which are responsible for the distorted single-molecule peak in Fig. 4 .
To illustrate the behavior of the type II molecules, Fig. 5A shows a sequence of excitation spectra of a single molecule taken as fast as allowed by the available SNR. The laser was scanned once every 2.5 s with 0.25 s between scans, and the hopping of this molecule from one resonance frequency to another is clearly evident. By acquiring hundreds to thousands of such spectra, a trajectory or trend of the resonance frequency can be obtained (Fig. 5B , for the same molecule as Fig. 5A ). For this molecule, the optical transition energy appears to have a preferred set of values and performs spectral jumps between these values that are discontinuous on the 2.5-s time scale of the measurement. The behavior of another molecule is shown in Fig. 5C at 1 .5 K and in Fig. 5D at 4 .0 K. This molecule wanders in frequency space with many smaller jumps, and both the rate and range of spectral diffusion increase with temperature, suggesting a phonon-driven process. The occurrence of class II molecules was quite common in the wings of the inhomogeneous line, but only class I molecules were observed close to the center, suggesting a connection to disorder in the crystal structure. In addition, the jumping rate did not depend on the probing laser power. The spectral diffusion appeared to be a spontaneous process rather than a light-induced, spectral hole-burning effect (30) .
Because the optical absorption is highly polarized (48) and the peak signal from the molecule does not decrease when the spectral jumps occur, it is unlikely that the molecule is changing orientation in the lattice. Because the resonance frequency of a single molecule in a solid is extremely sensitive to the local strain, the conclusion is that the spectral jumps are due to internal dynamics of some configurational degrees of freedom in the surrounding lattice. The situation is analogous to that for amorphous systems, which are postulated to contain a multiplicity of local configurations that can be modeled by a collection of double-well potentials [the two-level system, or TLS, model (49) ther study is necessary to identify conclusively the specific molecular motions responsible for the effect. These direct observations of the dynamics of a nanoenvironment of a single molecule have sparked new theoretical studies of the underlying microscopic mechanism (12, 50) . Spectral diffusion similar to that shown in Fig. 5 was also observed in SMS of perylene in poly(ethylene) (24, 25) and of terrylene in poly(ethylene) (26, 51) . As opposed to the crystalline system, spectral diffusion is expected here (47) and is observed in a variety of time regimes. On the fast (sub-second) time scale, spectral shifts on the order of 10 to 100 MHz produce single-molecule line shapes that fluctuate from measurement to measurement. On longer time scales, jumping behavior can be observed that is similar to that shown in Fig. 5B . Detailed measurements of terrylene in poly(ethylene) (51) also suggest that at higher laser powers, more spectral diffusion is observed that may be regarded as a type of transient spectral hole-burning. Orrit and colleagues (41, 52) have used photon correlation techniques to study such processes.
These measurements of spectral diffusion in crystals and polymers illustrate the power of SMS in detecting changes in the nanoenvironment of a single molecule. The spectral changes can be followed in real time for each impurity molecule; no ensemble averages over "equivalent" centers need be made that would obscure the effects. one must observe a dependence on the laser intensity to verify that hole-burning is occurring. The exact microscopic mechanism for light-induced resonance frequency shifts needs further study and may be related to the generation of molecular internal vibrational modes during fluorescence emission or to nonradiative decay of the excited state.
Optical
This effect was first convincingly observed for perylene in poly(ethylene) (24, 25) , where a clear increase in hole-burning rate could be observed at higher laser power because the single molecules showed reversible hole-burning. Here, reversibility means the spontaneous return of the resonance frequency to its original value after holeburning, which allowed many measurements of the stochastic buming-time kinetic distribution for the same molecule (25) . Irreversible hole-buming was also observed, and Fig. 6 illustrates this effect for a spectral region containing four different molecules. Starting from the bottom, the first 10 traces show that the molecule near + 2 GHz is spectrally diffusing while the other three molecules are relatively stable with a small amount of spectral diffusion. After trace 10, the laser was deliberately brought into resonance with the molecule at 0.5 GHz, which was observed to stop fluorescing discontinuously after _28 s, indicating the hole- 50 burning. Trace 11 was then recorded, which shows that the molecule shifted its resonance frequency outside of the laser scan range. The remaining traces show that the molecule did not return to its original frequency for at least 15 min. The exact location of the new resonance frequency was unknown, but by analogy with previous nonphotochemical holeburning studies on large ensembles (53, 54), the shift could have been as large as 100 cm-'. In recent work on the new system of terrylene in hexadecane (55), well-defined two-state switching behavior was observed that could be partially controlled by the laser irradiation.
In principle, single molecule hole-burning is a controllable process that could allow the modification of the transition frequency of any arbitrarily chosen molecule in the polymer host. This ability to change leads naturally to the possibility of optical storage at the single molecule level (Fig. 7) . For highest density, near-field optical excitation with a 50-nm-diameter pulled fiber tip should be used, a process that has demonstrated densities of 45 gigabits per square inch with magneto-optic recording (56). One can imagine a thin layer of the material with a sufficiently broad inhomogeneous line so that single impurity molecules are isolated and spread over a large range of frequency space. The resonance frequencies constitute the addresses of all the bits to be written in a single focal volume. A binary sequence of l's and 0's can be produced by altering or ignoring each single molecule absorption.
Single molecule optical storage, while highly speculative at present, provides several advantages and disadvantages. Among the advantages are (i) the extreme areal density (up to perhaps 10`3 bits per square inch for a 50 nm by 50 nm storage volume and a doping level of lo-3, giving 100 bits than those of the frequency scans described above; however, the dynamical process under study must be "stationary," that is, it must not change during the many seconds needed to record a valid autocorrelation. For terrylene in poly(ethylene), which has complex dynamics driven by TLSs in the polymer, the amplitude fluctuations in the single-molecule fluorescence signal resulting from resonance frequency shifts sometimes cause a characteristic falloff in the autocorrelation that yields information about the TLS-phonon coupling (41, 52) . By contrast, in the nanosecond time regime (lower half of Fig. 8) , the emitted photons from a single quantum system are expected to show antibunching, which means that the photons "space themselves out in time;" that is, the probability for two photons to arrive at the detector at the same time is small. This is a quantummechanical effect, which was first observed for sodium atoms in a low-density beam (58). For a single molecule, antibunching is easy to understand: After photon emission, the molecule is definitely in the ground state and cannot emit a second photon immediately. A time on the order of the inverse of the Rabi frequency, X-1, must elapse before the probability of emission of a second photon is appreciable. Antibunching for a single molecule was observed at IBM for pentacene in p-terphenyl (42) , demonstrating that quantum optics experiments can be performed in solids and with a single molecule. Of course, if more than one molecule is emitting, the antibunching effect as well as the bunching effect quickly disappears because the molecules emit independently. Thus, high-contrast anti-bunching is further proof that the spectral features are indeed those of single molecules. Fig Fig. 9 . In addition to small (acm-) shifts and intensity changes of various modes from molecule to molecule, two different classes of spectra were observed (44) , as shown in the upper and lower parts of the figure. After One novel experiment that is now possible would be to use the emission from a single molecule as a light source of subnanometer dimensions for near-field optical microscopy (60). Of course, this experiment would involve the technical difficulty of placing the single molecule at the end of a pulled fiber tip. Another possibility would be to perform cavity quantum electrodynamics studies with a single molecule in a solid placed in a high-Q (quality factor, or the center frequency of the cavity/the linewidth of the cavity resonance) cavity. In all cases, improvements in SNR would be expected to open up a new level of physical detail and possibly new applications for this method. Because this field is relatively new, the possibilities are only limited at present by the imagination and the persistence of the experimenter and the continuing scientific interest in the properties of single quantum systems in solids. 
